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a b s t r a c t
Dry granulation by roll compaction is a process of size enlargement used to produce granules with a good
ﬂowability for further die compaction process. To gain in the understanding of how granulated powders behave
during die compaction andwhy they exhibit different behaviors different from those showedby the feedpowder,
the main material parameters proposed in Drucker-Prager Cap (DPC) model, were determined for MCC101
powder and two granule sizes obtained from roll-compacted ribbons. For that, the standard procedure calibra-
tion of DPC was used.
Results showed that all the material properties are density-dependent and the properties of feed powder are
higher than those of granulated powder. Moreover, the yield hardening function showed a decrease with the
increase of the granule size, which highlighted that the granules of MCC 101 exhibit a softer work hardening
than feed powders. Overall, the granules have smaller yield surface than the feed powder. Particularly, it was
found, for both granule sizes and the MCC 101 powder, an overlapping of shear failure line at high relative
density. Nevertheless, at low density, the cohesion was affected by the roll compaction of MCC 101, but no
variation was observed for the internal friction angle. The obtained results are in agreement with the literature,
where the granules were prepared frommini-tablets rather than from roll-compaction. However, some discrep-
ancies were highlighted.
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1. Introduction
To improve the ﬂowability of powders, dry granulation by roll-
compaction process is often used in the pharmaceutical industry [1].
The process consists of compacting powders between two counter-
rotating rolls to produce ribbons that will be subsequently milled into
granules. The obtained granules are tableted for oral dosage. The prop-
erties of the granules such as particle size distribution and porosity are
determined by the quality of the compacted ribbons. The resulting
structural and mechanical properties of the granules are particularly
essential in the understanding of the die-compaction process and the
resulting tablet properties.
It has been reported in the literature that, in comparison with the
powders before granulation, the granulatedpowders by roll compaction
exhibit different behaviors in die compaction. These differences were
observed in the compressibility, the compactability or the tensile
strength [2–5]. Such behavior was showed not only for pharmaceutical
powders but also for ceramic powders and seems to be not limited to
the dry granulation by roll compaction process [6,7]. Nevertheless,
there is no credible procedure able to explain the above challenge. An
attempt to explore the differences of compaction behavior for raw and
granulated material is to conduct a study on the behavior, under
stressing, of the main parameters of particulate solids proposed by the
Drucker-Prager Cap (DPC) model. The advantage of the DPC model is
the explicit recognition of the three dimensional character of the stress
during compaction [16], compared to the uniaxial compaction tests.
Recently, Mitra et al. [8] analyzed the difference in the compaction
behavior of MCC dry granules (mini-tablets) with the raw material
and mini-tablets as dry granules. The minitablets were monodisperse
in both size and solid fraction. The analysis was based on the calibration
of the parameters of the Drucker-Prager Cap model. Results showed
that both virgin MCC and mono-disperse granules required the same
in-die compaction stress state to achieve a certain tablet density. It
was also found a decrease of the cohesion of tablets formed from the
granules in comparison with the virgin powder. They stated that the
reduced strength of tablets formed from granules is due to the less
uniform microstructure formed than as the result of strain hardening.
However, in this study, the granuleswere smallmono-disperse cylindri-
cal compacts and they probably have different compaction behavior
from that resulting from granules produced with roll-compaction,
where the shape and the microstructure are certainly different.
The aim of thisworkwas to explore the difference in the compaction
behavior of rawmaterial and granules prepared by roll compaction/dry
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granulation process. The studywas conducted onmicrocrystalline cellu-
lose powder (MCC 101), and the analysis was based on the comparison
of themainmaterial parameters proposed by the DPCmodel. The effect
of the granule sizes as one inﬂuencing parameter on the compaction
was also considered in this study.
2. Powder compaction behavior
To analyze the compaction behavior of both raw and granulated
material, different properties can be compared for similar density's
state. These can include, the tablet strength (compactability), the com-
pressibility (volume reduction under pressure) or the stress transmis-
sion during the compaction. Instead of characterizing the behavior for
a simple compressive or extensive stress, another manner is to charac-
terize the elastic and plastic behavior of the material based on the deter-
mination of a yield surface and how this yield surface can expand
or contract according to the loading state. The domain deﬁned under
the surface characterizes any stress state under which the material can
behave elastically. However, for any stress that can expand the current
domain, the deformation of the material is then irreversible (plastic
behavior). One commonly used model for elastic-plastic behavior of
powders is Drucker-Prager Cap (DPC), assuming the material as porous
compressible and isotropic. Themodel describes the yielding of thepow-
der as a function of hydrostatic stress p, the modulus of deviatoric stress
q (effective equivalent stress) and the relative density of the compact. A
typical shape of DPC yield surface in p-q plane was plotted in Fig. 1.
Brieﬂy, the yield surface is composed of two main surfaces, Fs and Fc
representing two different mechanisms:
a) A shear failure surface Fs, which characterizes the limit of admissible
stress that can cause the compact fracture. In p-q plane, Fs is deﬁned
by the following equations:
Fs p; qð Þ ¼ q−p tanβ−d ¼ 0 ð1Þ
where p ¼ 13
P
σkk is the hydrostatic stress, q ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2 SijSij
q
is the effec-
tive equivalent stress (modulus of the deviatoric stress Sij = σij −
pδij), d is the powder cohesion and β is the internal friction angle.
b) A cap yield surface, Fc, which governs the densiﬁcation of the
material, shows an elliptical shape and intersects the shear failure
surface Fs at p=Pa, and the hydrostatic stress axis at p=Pb. The dis-
tance between Pb and Pa is equal to R(d + Patanβ). The equation of
the cap can be written as:
Fc p; qð Þ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p−Pað Þ2 þ R:qð Þ2
q
−R dþ Patanβð Þ ¼ 0 ð2Þ
where R, d and β are the eccentricity that controls the shape of
the cap, the cohesion and the internal friction angle, respectively.
All these parameters are density-dependent. The mechanism of
increasing the density by increasing the stress induces irreversible
ﬂow of the deformation, which corresponds to the expansion of
the yield surface. In the formalism of elastic plastic model, this ex-
pansion is done along the normal of the yield surface [9].
Finally, the material parameters that need to be determined based
on standards experiments such as instrumented die compaction, simple
compression and diametrical compression [10], are powder cohesion d,
internal friction β, eccentricity of the cap R and Pb the evolution of the
cap surface according to the volumetric strain. These parameters are de-
pending on the relative density, which is used as internal state variable.
In the paragraph 3.3, the procedure of the calibration is exposed.
3. Materials and methods
3.1. Powder
A Microcrystalline cellulose powder MCC (Avicel PH101, FMC
BioPolymer) was used as the feed powder for roll press to manufacture
ribbonswhichweremilled using an oscillating system to produce gran-
ules. These granules were sieved in two size classes of granules, which
were further processed into tablets. Prior to compaction, the powder
and granules were stored in an oven at 24 °C for 24 h to eliminate the
effect of themoisture gradient on the powder behavior during their pro-
cessing by roll and die compaction. No lubricant was added to the pow-
der for dry granulation. The true density of the powder was determined
using a Helium pycnometer (Accupyc 1330, Micromeritics Instrument
Corp., Norcross, GA, USA; n = 3). The particle size distribution was
determined by laser diffraction analysis (Mastersizer 3000, Malvern
Instruments Ltd., Malvern, United Kingdom), ﬁtted with a dry powder
feeder. The median particle size was considered as the volume median
diameter d(v,0.5). The used bulk density was given by the manufacturer
(FMC Biopolymer). These basic properties are summarized in Table 1.
3.2. Ribbons preparation
Ribbons of MCC 101 were produced using a laboratory roll press
(Komarek® B050PH), which is equipped with a single horizontal feed
screw, ﬁxed cheek plates and smooth rolls of 100 mm of diameter
and 38 mm of width. The gap was adjusted to 1.8 mm, the roll speed
was ﬁxed to 2 rpm and the screw speed was manually adjusted to
13.5 rpm. The ribbons produced at the ﬁrst step of starting process
were eliminated and only those obtained in steady state conditions
were considered. The mean density of the resulting ribbons was mea-
sured using a GeoPyc® 1360 Envelope Density Analyzer. Three ribbons
were randomly sampled and manually cut in pieces. Therefore, pieces
from all parts of the ribbon were weighted using a precision balance
(CP 224S, Sartorius, Germany) and their volume measured. The opera-
tion was repeated 3 times. Then the mean density of the ribbon was
calculated. Using the true density of the powder MCC 101 (Table 1.),
the mean relative density of the ribbon was as 0.57 ± 0.01.
3.3. Granules preparation
The obtained ribbonsweremilled using an oscillatingmilling system
(ErwekaAR402). The particle size distributionwas determined by sieve
Fig. 1. DPC Yield surface in p-q plane. [d: cohesion; β: angle of internal friction; Pb
hardening function; A: diametrical strength; B: unconﬁned compression strength; C:
maximum stress in die-compaction].
Table 1
Basic properties of MCC 101 powder
Material Mean particle size (dv,50)
(μm)
Bulk density
(g/cm3)
True density
(g/cm3)
MCC 101 65.6 ± 0.2 0.32 1.5659 ± 0.0005
analysis (AS 200 digit, Retsch, Germany) at amplitude of 40 for 20 min.
Two size classes of granules [250–500 μm] and [1250–1600 μm] were
selected to study further the effect of the granule size on the process
of die compaction. Fig. 2 shows SEM images of the powder MCC101
and a granule from each size class.
3.4. Model calibration procedure
3.4.1. Cohesion and internal friction angle
The shear failure line of the yield surface is deﬁned by two parame-
ters: the cohesion d, which is the intersectionwith the equivalent stress
axis q, and the internal friction angle β, which is the slope of the failure
line. For a given relative density of a tablet, the twomaterial parameters
are classically determined from the diametrical tensile strength σd and
the unconﬁned compressive strength σc of the tablet.
For the diametrical compression test, the tensile strength and the
corresponding hydrostatic pressure pd and deviatoric stress qc are
computed as following:
σd ¼ 2FdπDH ð3Þ
pd ¼
2
3
σd qd ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
13σd
p
ð4Þ
where Fd is the force corresponding to the diametrical strength of
the tablet, and D and H are the diameter and the height of the tablet,
respectively.
For the axial compressive test, the strength σc and the associate
stress state in the plane p-q are deﬁned as follows:
σ c ¼ 4Fac
πD2
ð5Þ
pc ¼
1
3
σ c qc ¼ σ c ð6Þ
where Fac is the peak axial force to break the tablet and D is the tablet
diameter.
Once the data (pd, qd) and (pc, qc) are determined for a given relative
density of the tablet, the shear failure line can be ﬁtted and the cohesion
d and the internal friction β can be computed as following:
d ¼
σ cσd
ﬃﬃﬃﬃﬃﬃ
13
p
−2
" #
σ c−2σd
ð7Þ
β ¼ tan−1 3 σ c−dð Þ
σ c
$ %
ð8Þ
3.4.2. Eccentricity and hardening function
The cap surface properties are computed from the measured axial
stress σz and radial stress σr using a fully instrumented press where
the die is equipped with a strain gauge mounted on the die wall. The
gauge was positioned at 1.5 mm from the surface of the lower punch
so that at end of the compaction, the gauge is approximately positioned
at the middle of tablets with height in the range 3–4 mm. A rubbery
material was used for the calibration [11]. Assuming the axisymmetric
conditions, the deviatoric and hydrostatic stresses are calculated as:
p ¼ σ z þ 2σ r
3
ð9Þ
q ¼ σ z−σ rj j ð10Þ
Then, the cap parameters are determined based on the following
equations:
R ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
3q
p−Pað Þ
s
ð11Þ
Pb ¼ Pa þ R dþ Patanβð Þ ð12Þ
Where Pa is calculated as following:
Pa ¼
−3q−4d tanβ þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
9q2 þ 24dq tanβ þ 24pq tanβ2 þ 16q2 tanβ2
q
4 tanβ2
ð13Þ
The hydrostatic yield surface Pb deﬁnes the position of the cap sur-
face and dependent on the volumetric strain εvol deﬁned as:
εvol ¼ ln ρρ0
& '
ð14Þ
where ρ is the bulk density of the tablet after ejection and ρ0 the initial
density of the powder when ﬁlling the die.
3.4.3. Tablets preparation
The calibration of DPCmodel requires the preparation of tables with
different aspect ratios.
First, tablets were manufactured at different densities using a fully
instrumented eccentric uniaxial press (Frogerais OA, France). The press
is equipped with a ﬁxed cylindrical die of 11.28 mm of diameter and
10 mm of height. The pressure is applied with the upper punch and
the ejection is executed with the lower one. The press is also instru-
mented with ﬁve sensors that allow the measurement of the displace-
ments of the upper and lower punches, the applied axial pressure (σu),
the transmitted axial pressure to the lower punch (σl) and the radial
stress on the die wall (σr). The tablets were prepared by automatically
ﬁlling the powder mass, which varies from 0.30 for feed powder to
Fig. 2. SEM images of powders: (a) MCC 101; (b) granules [250–500 μm] and (c) granules [1250–1600 μm].
0.33 for big granules. The die was beforehand lubricated compacting the
magnesium stearate powder. Compaction cycles and measurement of
axial, radial stress and axial displacement were
According to the guideline proposed by Doremus et al. [12], for the
diametrical compression test, tabletswith an aspect ratioHD ≤0:25should
be produced. Also, the test is considered valid when the failure fracture
is originated at the center of the specimen. However, for the axial com-
pression test, an aspect ratio HD ≥2 is recommended. In this case, it is also
important to ensure a desired failure path at 45 °C and only specimens
with a fracture at 45 °C were considered as valid results (At low tablet
density, the breakage of the tablets sometimes occurred at the edges
of the tablets and these specimens were not considered as valid).
According to the above speciﬁcations, tablets from powder MCC101
and granules were produced using a uniaxial press (Instron® press)
equipped with ﬂat face punches of 11.28 mm of diameter at a compac-
tion speed of 5 mm/min. In order to reduce the density variation along
the height, the die was lubricated by compacting magnesium stearate
powder before proceeding to the compaction of the sample of MCC.
For diametrical compression test, series of cylindrical ﬂat tablets
from the three types of powders, were prepared by ﬁlling a powder
mass of 0.350 ± 0.005 g into the die (height of 10 mm) and varying
the compaction pressure in the range 10–120 MPa. The resulting rela-
tive densities of the tablets were in the interval [0.5, 0.9]. For the axial
compression test, tablets of 22 mm of thickness were prepared in a
die of 11.28 mm of diameter and 90 mm of height varying the ﬁlling
powder mass. The resulted relative densities were in the interval [0.4,
0.9].
The diametrical and axial strengths of tablets were measured using
an Instron press (Instron 5576). The failure force (maximum of force
to break the tablet) was considered for the computation of the tablet
strength. In order to reduce the density variation along the height, the
die was lubricated by compacting magnesium stearate powder before
proceeding to the compaction of the sample of MCC. For all powders,
the measurements were repeated three times for each relative density.
For later determination of shear failure parameters at low densities, ex-
perimental results of diametrical and axial strengths were ﬁtted in ex-
ponential regressions.
4. Results and discussions
4.1. Densiﬁcation of granules
The Fig. 3 shows optical images of tablets prepared at different rela-
tive densities using the granules of size ranges [250–500 μm] and
[1250–1600 μm]. The images concern the top and the side views of
the tablets. It can be observed, at low relative density (0.4 and 0.5),
rough surfaces where the granules boundaries can be distinguished,
mainly for the large granules. Indeed, at this level of compaction, the
granules have passed the stage of rearrangement and start to deform
plastically. On the other hand, at higher density, the surfaces become
smoother and more homogeneous. At a relative density of 0.8 and 0.9,
the granular structure is not visible. This suggests that, after ﬁrst defor-
mation, the granules fractured into smaller particles that were again
rearranged ﬁlling the voids and deformed, as described in the literature
[7]. Similar images were obtained byMitra et al. [8] for tablets of 0.69 of
relative density, prepared from mini-tablets compacted at different
solid fraction. The observed roughness was a signature of the effect of
the hardness of the mini-tablets used in the compaction.
4.2. Cohesion and internal friction
To determine the shear failure line of DPCmodel and to calculate the
cohesion and the angle internal friction parameters, the uniaxial and di-
ametrical strengths of tablets were obtained. In Figs. 4 and 5, the
uniaxial and the diametrical tablet strength were plotted according to
the relative density for the feed powder and the granules.
Overall, tablet strength increases with the increase of the relative
density. The strength of tablets from feed powder is higher than the
strength of tablets from granules. This observation is supported by the
literature [2] [5]. On the another hand, the effect of granule size did
not show a signiﬁcant difference on both strengths as both granule
size were obtained from the milling of the same ribbons that were
compacted under the same conditions (roll-compaction pressure). The
effect of the granules solid fraction on the tablet's strengthwas reported
in the literature, but not studied in this work. The reduction of tablet
tensile strength with roll speciﬁc compaction forces, which increases
ribbon density and hence granules density, was showed in [5]. This be-
havior was also demonstrated in the work of Mitral et al. [8]. Preparing
tablets with mono-sized granules (mini-tablets), the authors showed
the decrease of tablet strength with the increase of the granules solid
fraction.
For uniaxial compression, it was possible to reach densities lower
than 0.4 due to the dimensions of the tablets (22 mm of height),
Fig. 3. Optical images of tablets at different relative density with effect of size granules.
Fig. 4. Uniaxial strength versus relative density.
which give tablets strong enough to be handled. On the other hand, for
diametrical test, the tablets were compacted at different compaction
pressures, being the minimum pressure 10 MPa, which gave minimum
relative densities of 0.46 for the powder and 0.50 for the granules.
In order to compute in analytical manner the evolution of the shear
failure parameters in the range of relatives densities of 0.5–0.9, the
experimental data plotted in Figs. 4 and 5 were interpolated by ﬁtting
exponential regressions. These ﬁttings are included in the graphs and
they all show high accuracy (R2 ≥ 0.98).
The shear failure parameters (cohesion and internal friction angle)
were obtained using eqs. (7) and (8). In the Figs. 6 and 7 the cohesion
and angle of friction were plotted for the three category of powders
(feed powders, small granules and large granules) as a function of the
tablet relative density.
It is shown that the cohesion, d, increased exponentially when the
relative density of tablets is increased. Nevertheless, it is decreased
when the granules size is increased, although the difference of values
for different granule size is not really signiﬁcant.
In the same way as the cohesion, the angle of internal friction β is
plotted against the tablet relative density (Fig. 7). The internal friction
angle shows a value of approximately 70°, with a slight decrease
when the relative density increases. This is classical value reported
in the literature, in general constant and in the range from around 60°
to 70° either for a metal or pharmaceutical materials [13–15]. It was
not found a difference between the feed powder and the granules and
the evolution of the angle of internal friction is overlapping for all of
them.
The shear failure parameters for virgin powder and granules pre-
pared frommini-tablets with different solid fraction were also analyzed
in thework ofMitra et al. [8]. They showed that the cohesionwas higher
for the virgin powder than for the granules and decreased as the granule
solid fraction decreased. Moreover, no variation was observed for the
angle of internal friction, resulting independent of the granule solid frac-
tion or the tablet density, which is in agreement with our results.
4.3. Cap parameters
The measured axial stress σz and radial stress σr were recorded and
the components of the stress (p and q) were calculated based on
eqs. (9) and (10). In Fig. 8, both components of the stress are plotted
as a function of the tablet relative density. Here, it can be observed
that both, the hydrostatic stress and the equivalent stress increase
with the increase of the relative density. However, their values decrease
when increasing the granule size. Moreover, the differences are more
relevant for the hydrostatic stress, which means that the effect of the
increase of granule size is predominant for the hydrostatic stress over
the equivalent stress.
The cap surface properties (eccentricity of the cap, R, and the hydro-
static yield strength Pb) are computed from p and q based on the
eqs. (11), (12) and (13). In Fig. 9 the results of cap eccentricity R against
the tablet relative densitywere plotted. Fig. 10 shows the results of yield
hardening function Pb against the tablet relative density.
It can be observed (Fig. 9), thatR varied from0.7 to 0.95, reaching the
highest values for the feed powder compared to the granules. For MCC,
similar values were reported in the literature [16–19]. The eccentricity
controls the ratio of hydrostatic stress to shear stress required to densify
a compact. It can be observed, in Fig. 9, that the evolution of the eccen-
tricity shows two tendencies. At low tablet relative density, the eccen-
tricity slightly decreases when increasing the density. However, at low
density, there is no signiﬁcant effect of the granule size on the values
of R. Similar evolution of the eccentricity was found in [20] for the com-
paction of zirconia (ZrO2) powder, although there was a high dispersion
of their data at low density and the evolutionwas ﬁtted to a linear equa-
tion. In the range of relative density 0.6–0.9, the eccentricity increases
with the relative density and shows lower values for larger granules.
Thismeans that the impact of shear stress in the compaction is less dom-
inant in granulated material than in raw material.
Fig. 5. Diametrical strength vs. relative density.
Fig. 6. Cohesion, d.
Fig. 7. Angle of internal friction, β.
Regarding the yield function Pb, plotted in Fig. 10, the values increase
exponentially when the tablet density increases. It can be observed also
that Pb decreases signiﬁcantly when the granule size increases. This
means that it becomes necessary to apply a greater pressure on the
feed powder than on the granules in order to achieve the same plastic
deformation (or relative density).
However, these differences of Pb between the feed powder and the
granules, were not found in [8] where Pb was not signiﬁcantly impacted
by the dry granulation or the solid fraction of the granules.
4.4. Iso-density yield surfaces
The parameters obtained in the previous sections were compiled
and the DPC yield surfaces in the plane p-q were plotted. First, the
isodensity yield surfaces for the feed powder and the granules are plot-
ted in Fig. 11. As expected, for the three types of particulate materials
(feed powder and granules of 250–500 and 1250–1600 μm), when rel-
ative density increases, the yield surface expands in the stress space,
which means a greater resistance to further plastic deformation.
The curves are not self- similar, due to the variation of the parame-
ters such as cohesion, which increase during compaction for all the
materials (Cunningham et al., 2004). In the same manner, there is an
evolution of the shape and size of the ellipse (determined by the varia-
tion of R and Pb). It can be observed the maximum hydrostatic pressure
decrease from feed powder (172 MPa) to granules (160 MPa for gran-
ules of 250–500 μm and 120 MPa for granules of 1250–1600 μm).
For the relative densities examined, the DPC parameters for feed
powder and granules showed to be density-dependent, which will
have impact on the shape of the yield surfaces. For this reason, the
yield surfaces of the three material are plotted together at two different
tablet densities: RD= 0.5 (low density) and RD= 0.9 (high density) in
Fig. 12a and 12b. This allows us to compare the results considering low
and high density and see if under these states of stresses the behaviors
differ. It can be observed that, for both densities, the granules have
smaller yield surface than the feed powder.Moreover,when the granule
size increases, the yield surface contracts. For the granules, the yielded
(ﬂowing) region is smaller than for the feed powder. This means that,
not all the materials required the same stress to produce tablets with
the same density. A higher stress needs to be applied to the feed powder
in order to deform it. The granulated powders underwent a loading his-
tory due to the roll-compaction pressure applied in the previous step.
This complex loading corresponded to a history of plastic deformation
in the powder. The granulatedmaterial is then in a hardened state. Dur-
ing die compaction of the granules, the development of the deformation
under compressive loading depends on such history. Therefore, the feed
powder and the granules are not in the same initial state of hardening.
Then, it becomes necessary to apply a greater pressure on the feed pow-
der than on the granules in order to achieve the same plastic deforma-
tion (or relative density).
Fig. 8. Components of the stress versus the tablet relative density: (a) Hydrostatic stress, p; (b) Equivalent stress, q.
Fig. 9. Cap eccentricity versus relative density. Fig. 10. Hardening function versus relative density.
Regarding the shear failure line, it can be observed that, at high
density, it is overlapping (same cohesion and internal friction) for
both sizes of granules, while, for feed powder, the line has the same
slope but different cohesion. This is, at high relative density, the only
parameter differing in the shear failure is the cohesion and not the
angle of internal friction. For both densities, the shear failure line for
feed powder is over the granules' lines, which that tablets produced
with feed powder can resist higher stress before fracture.
In contrast to our results, Mitra et al., [8] found that the yield cap
curves for all the materials (feed powder and granules) were overlap-
ping for the same tablet density. The feed powder and granules required
the same stress to reach a certain tablet density. Nevertheless, the used
granules were mono-sized mini-tablets with higher density than the
roll-compacted granules used in this study.
5. Conclusions
The goal of this work was to investigate the die-compaction behav-
ior of dry granulatedmaterial in order to better understanding the effect
of roll-compaction and the granule size. This behavior was compared
to that of the non-granulated powder and the analysis was based on
the identiﬁcation of the main material properties taken into account
into DPC model. The study was conducted on MCC 101, using standard
methodology for the model calibration (die compression, diametrical
tensile strength and unconﬁned axial strength). Material properties
such as cohesion, angle of friction, eccentricity and yield hardening
function were determined according to the relative density.
Overall, the results showed that all the material properties were
density-dependent and the values of the DPC parameters were higher
for feed powder than for granulatedpowder. Regarding the shear failure
parameters, the cohesion increased exponentially when the relative
density of tablets is increased. Nevertheless, it decreaseswhen the gran-
ules size is increased. However, the internal friction angle shows a value
of approximately 70°, with a slight decrease when the relative density
increases. For the cap parameters, it was found that the eccentricity
slightly decreases at low tablet density (0.5), but it increases in the
range of relative density (0.6–0.9). The yield function Pb increases expo-
nentiallywhen the tablet density increases. These results point out that,
for a given density of tablets (i) the yield hydrostatic pressure (Pb)
needed to develop plastic deformation in thematerial is lower for gran-
ulated material than raw material, (ii) the impact of shear stress in the
compaction is less dominant in granulatedmaterial than in rawmaterial
(shape of the cap R) and ﬁnally (iii) when the granule size increases, the
effect of Pb and shear are less dominant (comparatively to rawmaterial
for equivalent density).
These differences of values of the DPC parameters gave as a result
different yield surfaces and for the range of densities studied, the gran-
ules have smaller yield surface than the feed powder.
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(a) Feed powder
(b) Granules 250-500 μm (c) Granules 1250-1600 μm
Fig. 11. Iso-density yield surfaces for different tablet densities for (a) feed powder, (b) Granules 250–500 μm and (c) Granules 1250–1600 μm.
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